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Radio emissions from Jupiter provided the ®rst evidence that
this giant planet has a strong magnetic ®eld1,2 and a large
magnetosphere3. Jupiter also has polar aurorae4, which are similar
in many respects to Earth's aurorae5. The radio emissions are
believed to be generated along the high-latitude magnetic ®eld
lines by the same electrons that produce the aurorae, and both the
radio emission in the hectometric frequency range and the
aurorae vary considerably6,7. The origin of the variability, how-
ever, has been poorly understood. Here we report simultaneous
observations using the Cassini and Galileo spacecraft of hecto-
metric radio emissions and extreme ultraviolet auroral emissions
from Jupiter. Our results show that both of these emissions are
triggered by interplanetary shocks propagating outward from the
Sun. When such a shock arrives at Jupiter, it seems to cause a
major compression and recon®guration of the magnetosphere,
which produces strong electric ®elds and therefore electron
acceleration along the auroral ®eld lines, similar to the processes
that occur during geomagnetic storms at the Earth.
The Cassini ¯y-by of Jupiter on 30 December 2000 provided an
opportunity to carry out coordinated measurements between the
Cassini spacecraft, which is on its way to Saturn, and the Galileo
spacecraft, which has been orbiting Jupiter since 1995. Figure 1
shows a frequency±time spectrogram obtained from the radio and
plasma wave science (RPWS) instrument8 on Cassini during the
approach to Jupiter. Several different types of radio emissions can be
seen in this spectrogram, but the most prominent are the distinct
arc-like features from about 0.5 to 16 MHz. These arc-like features
were ®rst clearly seen during the Voyager 1 ¯y-by of Jupiter9, and are
believed to be generated at the local electron cyclotron frequency via
the cyclotron maser mechanism10, which produces radiation nearly
perpendicular to the local magnetic ®eld. Usually, two types of arcs
can be identi®ed, those associated with Jupiter's moon Io11, labelled
`Io-controlled', and those not associated with Io. The Io-controlled
arcs are strongest in the decametric frequency range, and are
produced by a system of Alfven waves excited by Io12,13. The non-
Io-controlled emissions are independent of Io's position and
are highly variable. These emissions are often called hectometric
radiation, because they mainly occur at hectometric wavelengths
(0.3±3 MHz), although some radiation also extends upward into
the decametric frequency range (3±30 MHz). Previous studies have
shown that the hectometric radiation is generated at altitudes of
several jovian radii along the high-latitude auroral ®eld lines14.
In this study we have concentrated on investigating the solar wind
control of jovian hectometric radiation and the auroral extreme
ultraviolet emissions. Evidence already exists that the solar wind
plays a role in controlling the intensity of the hectometric
radiation15,16. To provide a parameter that characterizes the intensity
of the jovian hectometric radiation, we have integrated the radio
emission spectrums detected by the Cassini RPWS instrument and
the Galileo plasma wave science (PWS)17 instrument over a fre-
quency range from 0.5 to 5.6 MHz. The corresponding radiated
power ¯uxes, in Wm-2, are shown in Fig. 2: large variations are
present in the hectometric radio emission intensity. Three well
de®ned periods of enhanced hectometric radiation are evident.
These events are indicated by the shading, and are labelled events A,
B and C. The magnetometer and plasma measurements on Cassini
show that each of these events is preceded by an interplanetary
shock. The arrival times of the shocks at Cassini are indicated by the
arrows at the top of the plot.
Further details of event A are shown on an expanded timescale in
Fig. 3. The arrival of the interplanetary shock at Cassini is clearly
indicated by the jump in the magnetic ®eld at the arrow marked
`shock' in Fig. 3a. The shock is followed by a region of strongly
enhanced magnetic ®eld lasting about 5 days, with a peak on day
326. Figure 3b shows that the ion density increased markedly over
the same period, indicating that the shock is followed by a region of
highly compressed plasma. Such regions of compressed plasma are
typical of interplanetary shocks at this distance from the Sun. The
same interplanetary shock was subsequently detected by the Galileo
plasma wave instrument near Jupiter about 16 h later at 09:15 UT on
day 324. From the approximately 16-h travel time from Cassini (at
x  540RJ, where x is the distance toward the Sun from Jupiter
and RJ is the radius of Jupiter) to Galileo (at x  2 52RJ), the
average shock propagation speed is estimated to be 721 km s-1.
This speed is typical of a relatively strong interplanetary shock.
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Figure 1 A representative frequency±time spectrogram of jovian radio emissions
detected by the Cassini spacecraft during the approach to Jupiter at a radial distance of
about 1,350 Jupiter radii (RJ). The colour bar on the right gives the radio emission
intensities in decibels above the background noise level, which is approximately the
cosmic background. UT, universal time at the spacecraft, in hours and minutes. R, the
radial distance of the spacecraft from Jupiter in RJ. lIII, the system III longitude of the
spacecraft. JIo, the phase of Io relative to the spacecraft. Three types of jovian radio
emissions are evident in this spectrogram: Io-controlled decametric radiation, hectometric
radiation and kilometric radiation. For a review of these types of radio emissions and the
associated terminology see ref. 6. RPWS, radio and plasma wave science instrument.
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Figure 3c shows that the arrival of the shock at Galileo (indicated by
the arrow) is essentially coincident with the onset of the hectometric
radio emission event. However, we note that it also takes nearly two
days, to early in day 326, before the hectometric radiation reaches
peak intensity. When corrected for the solar wind travel time, the
peak in the hectometric radiation intensity occurs at about the time
of maximum solar wind density. Figure 3d shows that the peak in
the hectometric radio emission coincides almost exactly with a peak
in the auroral extreme ultraviolet intensity, as detected by the
ultraviolet spectrograph on Cassini.
An expanded-timescale frequency±time spectrogram of the radio
emission intensities detected by the Galileo spacecraft during event
B is shown in Fig. 4. During this period Galileo was very close to the
magnetopause on the dusk side of the magnetosphere. The location
of the magnetopause relative to the spacecraft can be determined
from the presence or absence of trapped continuum radiation,
which occurs at frequencies from about 0.5 to 10 kHz. Trapped
continuum radiation is present when the spacecraft is inside the
magnetosphere, and absent when the spacecraft is outside the
magnetosphere18. An arrow indicating the time that the interplan-
etary shock associated with this event was detected by Cassini
is shown at the top of the plot. At this time Galileo was clearly
within the magnetosphere, as evidenced by the presence of the
trapped continuum radiation. At 12:10 UT on day 343, approxi-
mately 13 h after the shock was detected by Cassini, the magneto-
pause abruptly moved inward across Galileo, as indicated by the
sudden disappearance of the continuum radiation. Although the
shock was not detected directly, this sudden compression was
almost certainly caused by the arrival of the interplanetary shock.
From the time difference between the arrival of the shock at Cassini
(at x  324RJ) and the onset of the compression at Galileo (at
x  249RJ) the average propagation speed is estimated to be
528 km s-1, which is typical of a low-Mach-number interplanetary
shock. As indicated at the top of the spectrogram the onset of the
magnetospheric compression corresponds almost exactly with the
onset of hectometric radio emission event B.
The observations presented above provide strong evidence that
jovian hectometric radiation and auroral extreme ultraviolet emis-
sions are triggered by interplanetary shocks. The processes involved
appear to be very similar to those occurring in Earth's magneto-
sphere. The comparable type of radio emission at Earth is auroral
kilometric radiation, which is known to be closely associated with
the terrestrial aurora19. Just as with the jovian hectometric radiation,
the terrestrial kilometric radiation is highly variable and is closely
correlated with magnetic storms20, including those triggered by
interplanetary shocks. Both types of radio emissions are believed to
be generated along the auroral magnetic ®eld lines at comparable
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Figure 2 The power ¯ux of the hectometric radiation as a function of time as detected
by the Cassini and Galileo spacecraft during the Cassini ¯y-by of Jupiter. The power ¯ux is
computed by integrating the received spectrum from 0.5 to 5.6 MHz, averaging over
the 9 h 55 min rotational period of Jupiter, and correcting to a radial distance of 100RJ
using a 1/R2 law. The Cassini plot has been shifted upward by a factor of ten (´10) relative
to the Galileo plot. Three strong hectometric radio emission events (labelled A, B and C)
were detected during the Cassini approach to Jupiter. The ®rst starts about midday on
day 324 and extends to about day 330, the second starts about day 343 and extends to
about day 351, and the third starts late on day 354 and extends to about day 358.
Comparisons with the solar wind magnetic ®eld and plasma data from the Cassini
magnetometer (MAG)27 and plasma spectrometer (CAPS)28 show that event A was
preceded by a strong interplanetary shock at 17:92 UT on day 323, event B was preceded
by a strong interplanetary shock at 23:12 UT on day 342, and event C was preceded by a
strong interplanetary shock at 15:12 UT on day 354. The shocks associated with events A
and B were also subsequently detected by the Galileo plasma wave science (PWS)
instrument at 09:15 UT on day 324, and 12:10 UT on day 343. The shock associated with
event C could not be detected by Galileo, since the spacecraft was well inside the
magnetosphere at the time this shock was expected to arrive at Jupiter.
Figure 3 A detailed comparison of the solar wind magnetic ®eld strengths. Data is from
the Cassini MAG instrument (a), the solar wind ion densities from the Cassini CAPS
instrument (b), the integrated (0.5±5.6 MHz) hectometric radiation intensities (1-h
averages) from the Galileo PWS instrument (c), and the disk-integrated extreme ultraviolet
auroral H2 band (110.8±113.1 nm) intensities for the Cassini ultraviolet imaging spectro-
graph (UVIS) instrument29 (d) for event A. The arrows show the times at which the
interplanetary shock was detected by Cassini and Galileo. We note that the onset of the
hectometric radiation coincides almost exactly with the arrival of the shock at Galileo. Also
the peak in the hectometric radiation intensity occurs at the same time as the maximum
brightness of the extreme ultraviolet auroral emission, and near the time of maximum solar
wind plasma density (after correcting for the approximately 13-h solar wind travel time).
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altitudes (1 to 3 planetary radii)14,21 by the cyclotron maser
mechanism10,22. No in situ measurements are available in the high-
latitude auroral regions of the jovian magnetosphere, so we use our
knowledge of terrestrial auroral processes to help us to understand
the processes that are occurring in the jovian magnetosphere. For
example, when an interplanetary shock interacts with Earth's
magnetosphere, it is known that the magnetosphere becomes
strongly compressed. The resulting compression leads to a large-
scale recon®guration of the magnetic ®eld and associated accelera-
tion and energization of plasma within the magnetosphere. The
stresses associated with the compression lead to large ®eld-aligned
currents and electric ®elds, particularly along the high-latitude
magnetic ®eld lines, where the electrons that carry the ®eld-aligned
currents strike the atmosphere and produce the aurora. Very
detailed measurements now exist from Earth-orbiting satellites
that show how the electrons involved in this process produce the
terrestrial auroral kilometric radiation via the cyclotron maser
mechanism23,24. We infer that similar processes are responsible for
the jovian hectometric radiation. At Earth the auroral kilometric
radiation is known to be generated along magnetic ®eld lines that
terminate in bright spots in the aurora25. Because the jovian aurora
is also known to have considerable ®ne structure26, we can also infer
that the discrete arc-like structure evident in the hectometric
radiation (see Fig. 1) is most probably associated with the ®ne
structure in the jovian aurora. M
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Figure 4 A frequency±time spectrogram from the Galileo PWS showing the radio
emission intensities detected by Galileo during event B. The time of the interplanetary
shock responsible for this event, as detected by Cassini (at 23:12 UT on day 342), is
indicated by the arrow at the top of the spectrogram. The arrival of this shock at Jupiter is
believed to be indicated by the disappearance of the trapped continuum radiation at
12:10 UT on day 343, which indicates a sudden compression of the magnetosphere. The
white line at the bottom edge of the trapped continuum radiation is the electron plasma
frequency, which is proportional to the square root of the electron density. The colour bar
at the bottom of the spectrogram indicates when the spacecraft is inside or outside the
magnetosphere, on the basis of the presence or absence of the continuum radiation. As
can be seen, the onset of the hectometric radiation occurs essentially coincident with the
sudden magnetospheric compression on day 343.
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Ground-based observations have shown that Jupiter is a two-
component source of microwave radio emission1: thermal atmos-
pheric emission and synchrotron emission2 from energetic elec-
trons spiralling in Jupiter's magnetic ®eld. Later in situ
measurements3,4 con®rmed the existence of Jupiter's high-
energy electron-radiation belts, with evidence for electrons at
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